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Introduction
European populations of wild boar (Sus scrofa L.) have 
grown substantially in recent decades (Saezroyuela and 
Telleria 1986, Wirthner et al. 2012) owing both to the ability 
of this species to adapt to different environments (Schley et 
al. 2008), and to a combination of reintroduction for hunting 
purposes (Champagnon et al. 2012), increasing tree mast fre-
quency (Bieber and Ruf 2005), insufficient hunting pressure, 
and lack of predators (Barrios-Garcia and Ballari 2012). Wild 
boar activities impact crops, pastures and forests (Barrios-
Garcia and Ballari 2012) and cause direct economic damage 
by reducing agricultural incomes and transmitting diseases 
to humans and livestock (Barrios-Garcia and Ballari 2012). 
Although wild boar is a natural component of forest ecosys-
tems, when the population is over-abundant it may have a 
profound impact on several ecosystem components since the 
effects of large herbivores are positively related to their den-
sity, often in a nonlinear way (Nuttle et al. 2014). Such impact 
acts through several mechanisms ranging from the modifica-
tion of habitat structure to the alteration of disturbance regime 
and food webs (Valenzuela et al. 2014). 
Wild boar impact is often mediated by its rooting activ-
ity, i.e., the excavation of the surface soil layers in the course 
of foraging for food, which creates localized disturbance that 
appears similar to mechanical ploughing (Sims et al. 2014). 
Rooting may affect some key ecosystem components such as 
soil, overstorey regeneration and the herb-layer, in areas that 
range from a few square decimetres to hundreds of hectares 
(Welander 2000, Li et al. 2013).
In temperate forests, the ecosystem component most suit-
able for the study of the impact by wild boar is the understorey 
vegetation since it makes up most of the wild boar diet (Pinna 
et al. 2007, Cuevas et al. 2010, Sandom et al. 2013). Such a 
direct impact on understorey vegetation is of particular con-
cern, since the herb-layer may account for up to 80% of plant 
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Nomenclature for plants:  Conti et al. (2005).
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species in forests, i.e., an important share of forest overall 
biological diversity (Gilliam 2007, Abbate et al. 2015).
Despite the relevance of wild boar-understorey interac-
tions, most studies on the effects of this ungulate in forest sys-
tems focus on its effect on tree regeneration (Ickes et al. 2005, 
Gomez and Hodar 2008, Siemann et al. 2009). Therefore, 
a general consensus still lacks on the effects of rooting on 
understorey species richness and composition (Massei and 
Genov 2004). The impact on understorey vegetation depends 
both on direct and indirect mechanisms: direct effects include 
feeding on seeds, or on bulbs, corms and rhizomes, as well as 
uprooting and mechanical damage to plants; indirect effects 
include the dispersal of seeds either by endo- or epi-zoochory, 
changes in soil properties (Wirthner et al. 2012) as well as the 
alteration of plant-plant competitive mechanisms (Cushman 
et al. 2004).
Rooting is therefore expected to favour certain under-
storey species and disadvantage others, depending on plant 
ecological requirements and to those life-history traits related 
to the species’ response to herbivory (hereafter intended in 
its broad sense including both above- and below-ground her-
bivory) and mechanical damage. For instance, the selective 
predation of large-seeded species may alter the composi-
tion of woody understorey, since in temperate forest systems 
large-seeded species are mainly trees and shrubs (Siemann et 
al. 2009). In the long-term, this selective predation may also 
favour certain tree species compared to others, and may affect 
the successional trajectory of the stand (Nuttle et al. 2014). 
Mechanical damage may instead favour clonal species, since 
clonality may allow a rapid recolonization of rooted patches 
(Catorci et al. 2012). This may lead to the development of a 
long-lasting layer of ferns or other browse-tolerant species 
that, in turn, may suppress or delay the recovery of other spe-
cies after the cessation of the disturbance (Royo and Carson 
2006, Nuttle et al. 2014).
Despite the specific mechanisms that rooting exerts on 
understorey vegetation, to the best of our knowledge, no 
study has yet directly focused on the life-history and ecologi-
cal traits of vascular plants in relation to rooting. The goal of 
our study is to investigate the impact of contrasting levels of 
wild boar rooting on understorey vegetation, with particular 
reference to its composition, diversity and functional traits. 
Especially, we focused on response traits (i.e., those traits that 
determine how a species responds to a disturbance or envi-
ronmental change), since these allow to draw general conclu-
sions on how ground-layer plant communities are affected by 
rooting (Lavorel et al. 2007). We conducted a comparative 
analysis of plant communities in areas with contrasting levels 
of rooting intensity with the aim of understanding: i) whether 
rooting intensity influences understorey species composition 
and diversity; ii) which functional traits are associated with 
different levels of rooting.
Our working hypothesis is that rooting acts as an envi-
ronmental filter that substantially alters understorey composi-
tion. We expected that a high level of rooting favoured species 
that are able either to avoid or tolerate rooting disturbance 
or to regenerate after rooting (Lavorel and Garnier 2002). 
Indeed, we expected that an environmental change, such as 
an increased rooting pressure, may cause a shift in species 
composition both due to the response of the species initially 
occurring in the community, and to the replacement of those 
species not suited to the new conditions (see ‘response rules’ 
in Keddy 1992).
When compared to low rooting areas, in high rooting 
areas we expected to observe a higher proportion of i) spe-
cies with a low specific leaf area (SLA), and ii) spinescent 
species, since these traits indicate the amount of investments 
in ‘defence’ against herbivory. In high rooting areas, we also 
expected a greater share of clonal species, since these may 
respond rapidly to disturbance, and of both epi- and endo-
zoochorous species, which may be actively dispersed by wild 
boar. Finally, we hypothesized that these alterations result in 
significantly different levels of overall understorey species 
diversity, with lower species richness, diversity and evenness 
expected in high-rooting plots.
Materials and methods
Study area
The study was carried out in the Circeo National Park 
(Central Italy). This area is characterised by a Mediterranean 
oceanic bioclimate (Blasi et al. 2014), average annual tem-
perature calculated on a monthly basis for the period 2004-
2013 was 15.9°C with yearly average minimum and maxi-
mum temperatures of respectively 9.6 and 22.9°C; annual 
rainfall was 808 mm (source: Pontinia meteorological station, 
~ 6 km apart from the study area; www.arsial.it/portalearsial/
agrometeo).
The National Park covers an area of about 5,600 ha and 
hosts several different habitats of high conservation concern. 
It includes a lowland forest that lies on a series of slightly 
undulating late-Pleistocene dunes comprised between 10 and 
34 m a.s.l., and covers an area of about 3,200 ha. In relation to 
its morphological heterogeneity, the lowland forest hosts dif-
ferent vegetation types (Blasi et al. 2002): the depressions are 
often filled with water and host hygrophylic woods that are 
dominated by Quercus robur and Fraxinus angustifolia oxy-
carpa, whereas the higher-lying areas contain deciduous oak 
woods dominated by Quercus cerris and Quercus frainetto.
The density of wild boar in the lowland forest has fluctu-
ated considerably since the 1930s. The species was reported 
to be locally extinct in 1938, during vast drainage operations. 
Its reintroduction in the immediately subsequent years was 
followed by a rapid population increase (i.e., 100-200 indi-
viduals in the lowland forest). In the late 1950s, the popula-
tion once again collapsed owing to the spread of swine fever. 
Since then the population recovered, and has grown steadily 
until present times despite several capture plans. According 
to a conservative estimation based on the number of boars 
encountered or trapped by the personnel of the State Forestry 
Corps working in the National Park, in 2004 the number of 
individuals was between 600 and 700 (Zerunian 2005). The 
intensity of rooting activity in the lowland forest has probably 
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never been as high as it is currently for a series of directly 
and indirectly related events: the widespread land conversion 
to agriculture following the drainage, the consequent isola-
tion of the forest, the local extinction of wild boar natural 
predators, and the establishment of the National Park within 
which hunting is forbidden (1934). Since then, the direct hu-
man disturbance within the lowland forest has been limited to 
paths and roads and their immediate surroundings. Domestic 
livestock is excluded from the whole lowland forest area. 
Another wild herbivore occurring in the area is the fallow 
deer Dama dama (L.), that is confi ned to a single forest stand 
(about 650 ha) in the south-eastern part of the forest, i.e., out 
of the forest sector that we sampled in this research. 
Rooting data collection and sampling design
In order to reduce the background noise due to differenc-
es in environmental conditions, we focused on a single forest 
type. We chose the plant communitydominated by Quercus 
cerris and Quercus frainetto since this is the most widespread 
forest type of Circeo lowland forest. This strategy maximized 
the possibility for setting up our sampling design. The por-
tion of the Circeo forest occupied by this forest type (Fig. 1) 
was surveyed for rooting activity during March-April 2010 
in 14 randomly located rectangular areas sized 15 ha (210 
ha in total). We designed the sampling of rooting intensity 
on the basis of the specifi c requirements of our study, i.e., 
the need of a cost-effi cient estimate of the degree and spread 
of rooting disturbance through the lowland forest. We meas-
ured rooting activity through counts of single rooting signs, 
defi ned as an approximately 15 cm-wide sign of disturbed 
ground. Wider signs were evaluated as multiples of a single 
sign (e.g., a 30 cm-wide sign = 2 rooting-signs). Such count-
ing represents a snapshot measure of the area subjected to 
wild boar disturbance, since detailed long-term data on root-
ing distribution was not available. Our method (discussed in 
detail in Fagiani et al. 2014) is very similar to the method 
adopted by Haaverstad et al. (2014), compared to which our 
transects were shorter (100 m long instead of 1 km) in rela-
tion to the smaller size of our sampling area, and narrower (5 
meters wide instead of 10) since the dense understorey lim-
ited the possibility of confi dently detecting rooting signs in a 
10-meter wide area.
Since no part of the studied forest or of other similar for-
ests within the region (Burrascano et al. 2015) resulted unaf-
fected by rooting, instead of comparing rooted and unrooted 
areas, we had no alternative than comparing sites with con-
trasting levels of rooting intensity and analysing the response 
of vegetation to different levels of disturbance intensity, fol-
lowing the approach of other recent studies (Ma et al. 2013, 
Catorci et al. 2014).
The subsequent fi eld sampling was conducted in two sec-
tors of the forest: the northern sector displaying the lowest 
rooting intensity (hereafter low rooting), and the southern 
sector, where the highest rooting level occurred (hereafter 
high rooting). Such sectors are wider (approximately 2 km2) 
than the size of the core area of wild boar home range that 
was measured for central Italy (Boitani et al. 1994).
We sampled understorey composition and overstorey 
structure in 12 randomly located square plots for each root-
ing level (24 in total, Fig. 1). Each plot was 400 m² in size. 
Furthermore, six soil samples were collected for each rooting 
level (12 in total). The same fi eld crew surveyed all the veg-
etation plots (E. Giarrizzo, E. Del Vico and S. Burrascano).
Overstorey structure and soil
We sampled overstorey structure since it exerts an in-
fl uence on the composition, diversity and spatial pattern of 
ground-layer plants (Burrascano et al. 2011, Sabatini et al. 
2014a), and on the functional traits of the herb layer (Sabatini 
et al. 2014b). We sampled overstorey structure through a 
variable radius plot, using a wedge prism, centered on the 
400 m2  plots used for the vegetation sampling (Avery and 
Burkhart 2002). We recorded the species, the diameter at 
breast height (DBH) and the vitality class (1, living; 2, living 
with dead parts; 3, standing dead; 4, broken above 1.3 m) 
of all the standing live and dead trees included in the vari-
able radius plot. We also recorded the mid-diameter, length 
and decay class (based on a fi ve-grade scale, Hunter 1990) of 
every piece of lying deadwood with a diameter >10 cm in the 
400 m² plot. We subsequently calculated, and included in the 
analysis, seven indicators of structural heterogeneity of ma-
ture and over-mature forests (Višnjić et al. 2013): number of 
Figure 1. Study area: location in Italy of the Circeo National 
Park, distribution of the areas with high and low rooting intensity, 
and of the sampling units within the lowland forest.
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stocked 5-cm diameter classes; number of standing trees with 
DBH > 40 cm; diameter range; the proportion of standing 
dead trees; coarse woody debris volume; number of decom-
position classes; basal area. 
Soil in the Circeo lowland forest is sandy regosol with 
limited water holding capacity (Dowgiallo and Bottini 1998). 
Soil samples were collected from the first 20 cm of soil, ex-
cluding litter. For each sample, we measured: pH (1:2.5 soil/
water suspension), organic matter fraction, organic C frac-
tion (Walkley and Black method), N fraction (Kjeldahl meth-
od), C:N ratio and granulometry (Hydrometer method). The 
chemical and physical analyses were carried out according 
to the methods described in Van Reeuwijk (2002). To make 
sure the low- and the high-rooting areas were comparable in 
terms of soil features and overstorey structure, we tested for 
similar forest structure and soil conditions across rooting lev-
els through the non-parametric Mann-Whitney U test (Table 
S1 in Appendix).
Vegetation sampling and trait collection
Each 400 m2 plot was divided in four 100 m2 subplots, 
within which we recorded the occurrence and the percentage 
cover value of each vascular plant taxon in May-June 2010; 
we averaged species cover values among subplots.
We collected data on nine functional traits for each spe-
cies of the understorey that had a percentage cover greater 
than, or equal to, 1% in at least one sampling plot (38 species 
in total). We defined understorey species as herbs and shrubs 
less than 3.5 m high. We chose a set of functional traits (Table 
2) that are particularly effective in the analysis of response to 
disturbance (Lavorel et al. 2007). We measured in the field or 
laboratory five traits according to Cornelissen et al. (2003): 
height, specific leaf area (SLA), spinescence, dispersule 
shape and dispersule size. Life form, growth form, clonal-
ity (i.e., the ability to reproduce vegetatively) and dispersal 
mode were derived either from online databases (CLO-PLA 
- Klimesova and de Bello 2009; LEDA - Kleyer et al. 2008) 
or from the literature (Pignatti 1982). The traits measured in 
this study (see Tab. S2 in Appendix) are available in the TRY 
database (Kattge et al. 2011).
Data analysis – Diversity and composition
We calculated species diversity indices (species rich-
ness, Shannon diversity and Pielou’s evenness), and com-
pared them between high- and low-rooting plots testing the 
differences for significance by means of the Mann-Whitney-
Wilcoxon non-parametric test. 
The differences in understorey composition between 
high- and low-rooting plots were tested for significance 
through a permutational multivariate extension of the tradi-
tional analysis of variance (PERMANOVA - Anderson 2001) 
based on a pairwise plot-to-plot dissimilarity matrix calcu-
lated upon the Bray-Curtis dissimilarity coefficient for spe-
cies abundances (i.e., cover values). Significance was tested 
through Monte-Carlo test (9999 permutations). We per-
formed a Principal Coordinates Analysis (PCoA) using the 
Bray-Curtis coefficient to visualize and compare the results 
yielded by PERMANOVA. 
Indicator values of all the vascular plant species for ar-
eas with high- and low-rooting intensities were calculated by 
means of the Indicator Species Analysis (ISA - Dufrêne and 
Legendre 1997) with 9999 permutations.
Data analysis – Functional traits 
To examine the associations between traits and root-
ing intensity, we used the fourth-corner method (Dray and 
Legendre 2008). This method analyses the relationships be-
tween species traits and environmental variables through the 
link of three data matrices: species abundances at each site 
(38 species × 24 sites), measurements of environmental vari-
ables at each site (24 sites × 2 nominal states: high rooting, 
low rooting), and trait values for each species (38 species × 9 
traits). Since plant functional traits are often summarized by 
a mix of nominal and quantitative variables, the fourth-corner 
method uses the χ2 statistics for nominal variables, and the F 
statistics for the quantitative ones (either ordinal or continu-
ous).
We ran the test twice, using species cover and the pres-
ence/absence values in the species-by-site matrix separately. 
The significance levels of the fourth-corner statistics were ob-
tained by permuting the values within each row vector of the 
species-by-site matrix at random 999 times. 
Finally, we explored the correlation structure between 
functional traits by producing a PCoA biplot. This ordination 
was based on Gower dissimilarity measure, since this meas-
ure is appropriate when the dataset is a combination of quan-
titative, ordinal, nominal and binary variables. 
All the analyses were performed in R (version 3.1.0; 
R Development Core Team 2014), using the function 
“Adonis” in the package “vegan” (version 2.0-10) for the 
PERMANOVA, the function “indval” in the package “lab-
spdv” (version 1.6-1) for the ISA, and the function “fourth-
corner” in the “ade4” package (Dray and Dufour 2007) for 
the fourth-corner analysis.
Results
Diversity and composition
Across the two treatments (i.e., high and low rooting) 
we found 100 species in total. The number of species found 
in high-rooting plots was 85, while in low-rooting plots we 
found a total of 80 species. The median number of species 
per plot in high- and low-rooting areas was 27 and 31, re-
spectively.
The comparison of the diversity indices showed that 
the main differences between rooting levels were related to 
shifts in dominance rather than to different species richness 
values. Indeed, species richness was not significantly differ-
ent in high- vs. low-rooting areas (Mann-Whitney-Wilcoxon 
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W=58.5, p=0.452), whereas evenness and Shannon diversity 
indices were significantly higher in high-rooting areas. The 
median of Shannon diversity was 1.31 in low-rooting and 
1.93 in high rooting (W=119, p=0.006). Evenness was signifi-
cantly different between low- and high-rooting plots (W=129, 
p<0.001); the median values were 0.40 and 0.59 respectively. 
The lower diversity that characterises the low-rooting areas 
was likely related to the marked dominance of Ruscus acu-
leatus.
Through the use of PERMANOVA, we detected a sig-
nificant difference in understorey composition between the 
different levels of rooting (pseudo-F=14.703, p=0.001). The 
first axis of the PCoA explained 46.2% of the variation in spe-
cies composition, and clearly separated plots characterised 
by different levels of rooting intensity (Fig. 2). The second 
PCoA axis accounted for 17.2% of the variation, and did not 
segregate clearly the high- and low-rooting plots.
The ISA revealed five indicator species for the low-root-
ing areas and two for the high-rooting areas (Table 1). The 
species with the highest indicator value in the low-rooting 
areas was Ruscus aculeatus, which yielded very high cover 
values in the majority of the plots. Other species that were 
significantly more frequent in low-rooting areas were  typical 
either of deciduous forests (Lonicera etrusca, Daphne laure-
ola) or of open and disturbed habitats (Asphodelus ramosus, 
Holcus lanatus). The two indicator species identified in the 
high-rooting areas were a Mediterranean shrub (Phillyrea lat-
ifolia) and a cosmopolite clonal fern (Pteridium aquilinum). 
A few species, which did not result as indicator species 
due to their low frequency values, were exclusive either 
of  high- or of low-rooting areas. The most common spe-
cies that we found exclusively in high-rooting areas were 
Brachypodium rupestre, Erica arborea and Phillyrea latifo-
lia; while the most common species found exclusively in low-
rooting plots were Allium triquetrum, Ranunculus ficaria, 
Cistus salvifolius and Stellaria media.
Functional traits
The fourth-corner analysis based on species cover values 
revealed that all the functional traits were significantly asso-
ciated with rooting intensity, with low-rooting areas strongly 
dominated by thorny species with rhizomes and large edible 
dispersules (Table 2). On the other hand, we observed that 
height, SLA and elongated shaped dispersule were positively 
associated with high levels of rooting.
On the basis of species occurrences alone, high-rooting 
levels were positively associated with tussocks (cespitose 
Table 1. Indicator species for high- and low-rooting areas. The 
p-values were obtained through 9999 permutations.
Species Rooting intensity Ind. Value p-value
Ruscus aculeatus Low 89.4 <0.001
Asphodelus ramosus Low 78.5 <0.001
Lonicera etrusca Low 71.1 0.031
Holcus lanatus Low 41.7 0.038
Daphne laureola Low 41.7 0.038
Phillyrea latifolia High 58.3 0.005
Pteridium aquilinum High 65 0.002
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Scatter diagram based on 
Bray-Curtis plot-to-plot dissimilar-
ity coefficients calculated from species 
cover values. Gray triangles represent 
low-rooting plots, black circles repre-
sent high-rooting plots. 
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species) and negatively associated with clonality and SLA. 
The results obtained for SLA from presence-absence data are 
thus in contrast with those based on species cover. It is also 
interesting to note that the fourth-corner analysis based on 
species abundances resulted in a higher number of significant 
associations between rooting intensity and functional traits 
and their categories, compared with results from presence/
absence data.
Through the PCoA ordination of species life/history traits 
(Fig. S3 in Appendix), we noted some broad correlations be-
tween functional traits, and identified two main gradients of 
variation. The first gradient segregated  thorny species with 
heavy, rounded dispersule and low SLA (Fig. S3), from spe-
cies having high SLA, elongated, light dispersules and no 
thorns. The former group was mainly composed of shrubs and 
vines such as  Rubus sp.pl., Smilax aspera, Ruscus aculeatus, 
while the latter group was characterized by graminoids such 
as Poa sylvicola, Carex distachya, Brachypodium sylvati-
cum and other hemicryptophytes, e.g., Ranunculus velutinus, 
Teucrium siculum. The second main gradient was principally 
related to plant height and clearly separated cespitose phan-
erophytes and nanophanerophytes from the other growth 
forms (especially rhizomatous geophytes, top left). The first 
two axes of the PCoA ordination explained respectively 36.4 
and 23.2% of the variation.
Discussion
Rooting causes shifts in understorey dominance through 
uneven impacts on species with different functional traits
Our results showed that different rooting levels were 
not associated with shifts in species richness as it was found 
also in other studies focused on understorey (Bratton 1975). 
However, we observed great differences in understorey spe-
cies composition and dominance in relation to rooting lev-
els. Indeed, when mediated by species abundance values, 
all traits resulted as significantly related to rooting intensity, 
whereas the same was not true when presence/absence data 
were used. Such shifts in dominance may derive from two 
different mechanisms: on the one hand the foraging behav-
Table 2.  Results of the fourth-corner analysis. We report the value of the statistics that was used for each trait (χ² for binary and nominal 
variables, F for quantitative and ordinal variables). We also report the sign (+/–) and p-value of the association with rooting levels for 
i) each trait (binary, ordinal and quantitative variables), and ii) each categorical state (nominal variables). All statistics were calculated 
both on the species cover and presence/absence (p/a) data. Significant association with rooting levels were obtained by permuting the 
values within each row vector of the species-by-site matrix at random 999 times. †Data derived from Klimesova and de Bello (2009). 
‡Data derived from Pignatti (1982). The other functional traits were measured in this work according to the guidelines reported in 
Cornelissen et al. (2003). 
Traits Variable type d.f.
species 
cover species p/a   species cover  species p/a
Test statistics  Trait categories +/- p-adj  +/- p-adj
Clonality† Binary 35 χ²=46.8 χ²=1.351 - 0.004 - 0.027
Spinescence‡ Ordinal 37 F=255.6 F=0.0003 - 0.002 n.s.
Dispersule shape Continuous 25 F=135.8 F=0.0000 + 0.002 n.s.
Dispersule size (mm) Continuous 27 F=292.6 F=0.196 - 0.002 n.s.
Height (cm) ‡ Continuous 34 F=30.3 F=0.998 + 0.013 + 0.077
SLA (mm2/mg) Continuous 33 F=38.8 F=2.750 + 0.004 - 0.042
Dispersal mode† Nominal 37 χ²=39.5 χ²=0.864 Anemochorous n.s. n.s.
Ballistichorous n.s. n.s.
Endozoochory - 0.001 n.s.
Myrmecochory n.s. n.s.
Not specialized n.s. n.s.
Life Form‡ Nominal 37 χ²=221.4 χ²=3.4 Geophytes - 0.008 n.s.
Hemicryptophytes n.s. n.s.
Phanerophytes n.s. n.s.
Therophytes n.s. n.s.
Growth Form‡ Nominal 37 χ²=230.5 χ²=6.2 Bulbous n.s. n.s.
Cespitose n.s. + 0.032
Vines n.s. n.s.
Nanophanerophytes n.s. n.s.
Reptant n.s. n.s.
Rhizomatous - 0.016 n.s.
Rosulate n.s. n.s.
      Scapose  n.s.   n.s.
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iour of wild boar may be extremely selective (Sandom et al. 
2013), and can lead to the substantial decrease of a few spe-
cies especially in certain seasons and conditions (Ballari and 
Barrios-Garcia 2014); on the other hand, wild boar rooting 
produces disturbed areas that are prone to the colonization by 
few species able to reproduce vegetatively as it was observed 
in Gray Beech Forest of the Great Smoky Mountains (Bratton 
1975). Interestingly, both these mechanisms strongly depend 
on understorey species functional traits, the first depending 
on palatability, the second being influenced by species ability 
to reproduce vegetatively.
Our analysis of individual functional traits suggested the 
existence of a complex relationship between wild boar ac-
tivities and understorey compositional changes, with rooting 
intensity displaying a certain degree of association with all 
functional traits, including those related to palatability and 
vegetative reproduction. 
Spinescence was significantly related to rooting level, in 
agreement with previous findings that thorny species limits 
wild boar rooting activity in Mediterranean forest (Perea and 
Gil 2014). This association strongly emerges from our data 
since, within the lowland forest, thorny species very often 
composed widespread, dense thickets, e.g., in 8 out of the 24 
plots we sampled, thorny plants covered more than 50% of 
the ground.
Also low SLA may be deemed as an indicator of leaf 
defence against herbivory, since it is the result of high in-
vestments in leaf structures (Wright et al. 2004). Contrary to 
our expectations, when we analysed species cover values we 
observed a positive association between SLA and rooting in-
tensity that was mainly due to the marked dominance in the 
low-rooting plots of a single species with low SLA values 
(i.e., Ruscus aculeatus). Conversely, a negative association 
emerged when we considered presence/absence data, as most 
of the species with the highest SLA values were absent in 
high-rooting plots (e.g., Allium triquetrum, Stellaria media, 
Ranunculus ficaria). Among these species, Allium triquetrum 
and Ranunculus ficaria are vernal geophytes, a functional 
group typical of deciduous forests. These plants are char-
acterised by a high SLA owing to their need to attain high 
photosynthetic rates to effectively take advantage of the en-
hanced amount of light reaching the forest floor prior to the 
leafing of the overstorey (Wright et al. 2004, Sabatini et al. 
2014b). Although no facilitative role of Ruscus aculeatus was 
demonstrated so far (Brooker et al. 2008), these vernal geo-
phytes have low dispersal ability, and are likely to be facili-
tated by a dense Ruscus aculeatus thicket, which may provide 
protection from the direct predation by the wild boar (Cuevas 
et al. 2010, Perea and Gil 2014). 
Finally, clonality allows a quick vegetative coloniza-
tion that is especially effective when disturbance operates at 
very small scales, such as in the studied forest (Catorci et al. 
2012), where the great majority of the rooted patches had a 
size between 0.02 and 0.5 m². A more detailed analysis of 
spatial patterns of rooting activities (e.g., such as the size and 
configuration of rooting patches, see Welander 2000) would 
have allowed to more detailed conclusions with respect to 
some key traits (e.g., clonality). However, here we focused on 
stand-scale vegetation dynamics and such a fine-scale analy-
sis was beyond the scope of the present study.
Long-term biological legacies may explain the observed 
interactions between wild boar and understorey
Part of our results were unexpected: according to our 
original hypothesis, we expected that high levels of rooting 
were associated with species that are adapted to rooting dis-
turbance through mechanisms such as avoidance, tolerance 
or rapid regeneration. We also expected a negative impact of 
rooting on those species upon which wild boar directly feed. 
However, the fourth-corner analysis did not confirm our hy-
potheses, as demonstrated by the negative association that 
emerged between the high-rooting sites and i) spinescence, 
ii) clonality and iii) endozoochory.
Furthermore, low-rooting areas were characterised by the 
occurrence of indicator species that are typically related to 
frequently disturbed areas, such as Asphodelus ramosus and 
Holcus lanatus and whose occurrences in the lowland for-
est cannot be related to other types of disturbance than wild 
boar rooting, neither fire, nor grazing by domestic livestock 
nor direct human influence. Other species found exclusively, 
or more frequently, in the low-rooting areas were Stellaria 
media and Rumex acetosa, i.e., species that are known to take 
great advantage of wild boar for their dispersal through endo-
zoochory and epizoochory respectively (Schmidt et al. 2004, 
Heinken et al. 2006). The fact that bracken (Pteridium aquili-
num) was an indicator of high rooting, while it was absent in 
low rooting plots, was also unexpected. Bracken rhizomes are 
consumed by wild boar and, in a Scottish forest lacking mast 
species, Sandom et al. (2013) report that bracken-dominated 
understories are severely impacted by wild boar rooting.
Altogether, these results may be interpreted assuming the 
existence of long-term biological legacies of wild boar root-
ing in the understorey: instead of a synchronic cause-effect re-
lationship, the interaction between wild boar and understorey 
vegetation is mediated by changes in the functional response 
traits of the herb-layer, which ‘store’ information about the 
past disturbance history of a stand (Paušič and Čarni 2013).
We hypothesise that the northern part of the forest, where 
the low rooting areas are located, was the first area to be 
subjected to an intense use by wild boar after the recent in-
crease of its population. Such an intense rooting disturbance 
that happened in the near-past is likely to have had important 
biological legacies on current understorey communities. The 
most noticeable legacy was the establishment of a dense layer 
of Ruscus aculeatus and this had long-lasting consequences 
on the diversity and evenness of the undestorey. Following 
the spread of Ruscus aculeatus, the understorey became 
hardly suitable for further use by wild boar, whose impact 
likely expanded progressively to previously undisturbed or 
less disturbed parts of the forest, i.e., those that now display 
a high rooting level. 
Our hypothesis is supported both by past vegetation data 
and by a series of considerations on the sector where the low-
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rooting sites are located. Vegetation relevés, performed about 
15 years ago in the same part of the forest where our low 
rooting sampling plots were located, report cover values for 
Ruscus aculeatus well below those that we observed (Blasi et 
al. 2002). Furthermore, although we excluded from sampling 
both the topographic depressions and the surrounding hygro-
philic vegetation, the northern part of the forest is character-
ized by numerous pools and temporary ponds, and by a rela-
tively low use of paths and roads by humans. Therefore, after 
the recent demographic explosion it is likely that the northern 
sector of the lowland forest was the first area of the forest to 
be intensely used by wild boar: i) for feeding purposes, since 
wild boar are known to preferentially feed in moister areas 
(Hone 2002, Li et al. 2013); ii) for wallowing; iii) as a refuge 
from indirect human disturbance (see Ohashi et al. 2013). 
In this context, we think that the spread and persistence of 
Ruscus aculeatus may derive by its functional characteristics, 
especially related to its: i) low palatability, and ii) very high 
resprouting ability. As a matter of fact, this species does not 
represent a relevant source of food for wild boar and other 
herbivores since, due to its spinescence, only very young 
shoots (i.e., those shoots within a month from their devel-
opment) may be consumed by herbivores. Moreover, Ruscus 
aculeatus rapidly resprouts after predation or mechanical 
damage, and this capability allows a very rapid recovery af-
ter grazing (Martinez-Palle and Aronne 1999). Indeed, this 
species was already observed to be more abundant in grazed 
when compared to ungrazed forests (Onaindia et al. 2004) and 
to persist for more than 10 years after the cessation of graz-
ing (Debussche et al. 2001). Once it is established, Ruscus 
aculeatus forms dense long-lasting thickets that likely ham-
per wild boar from rooting wide patches of the forest floor 
(Haaverstad et al. 2014). 
These observations closely match the ‘response rules’, 
according to which a change in the environment (i.e., the 
rapid increase in wild boar rooting activities over the last 50 
years) eliminates those species lacking specific trait combi-
nations, and favours the colonization by species with traits 
suitable to the new conditions (Keddy 1992).
The legacy effect we hypothesize is similar to that caused 
by the intense deer browsing in northern hardwood forests. 
In that system deer overbrowsing resulted in the formation 
of a long-lasting (recalcitrant sensu Royo and Carson 2006) 
herb-layer dominated by unpalatable ferns, that lasted more 
than 20 years even after a substantial decrease in deer density 
(Nuttle et al. 2014). The existence of this legacy effect points 
to the limits of a synchronic approach for the study of wild 
boar impact on understorey. Therefore, we suggest that fu-
ture studies attempt to measure rooting activities over longer 
time-periods than we did given the high varibility of rooting 
activity in space and time (Welander 2000).
Conclusions
This study shows that wild boar rooting activity alters 
understorey composition causing modifications in species 
dominance through the selective predation or avoidance of 
species with different functional traits. The association be-
tween rooting levels and functional traits we observed likely 
derive from the long-term legacy effects of previous intense 
rooting, rather than on current rooting disturbance.
We hypothesized a complex set of interactions between 
wild boar rooting and understorey species that include both 
an important impact of wild boar rooting on the herb-layer 
as well as a consequent effect of understorey composition on 
wild boar feeding behaviour. Indeed, the  drastic recent in-
crease in the density of wild boar likely caused severe shifts 
in understorey composition that in turn hampered the ability 
of wild boar to feed in the previously impacted areas, i.e., the 
areas in which we measured low rooting intensity are those 
in which such activity is limited by the occurrence of a dense 
thicket of Ruscus aculeatus. 
However, this sequence of environmental changes is 
probably not cyclic, since the areas occupied by the dense 
thickets of Ruscus aculeatus may remain unsuitable to wild 
boar for years, thus influencing the spatial arrangement of fur-
ther feeding activities for a long period. Based on our results 
and on previous scientific literature (Nuttle et al. 2014), forest 
managers aiming at restoring a diverse herbaceous commu-
nity should be aware that the thickets of Ruscus aculeatus 
probably attained such strong dominance due to intense root-
ing disturbance and that this dominance may last for decades. 
Managers should thus consider the idea of implementing 
Ruscus aculeatus eradication measures in combination with 
effective measures of wild boar population control (enhanced 
trapping or exclosures). In small isolated forests, as the one 
we studied, this combination of management actions may be 
useful to avoid an increasing forest area to become unsuit-
able to wild boar feeding activities and therefore to avoid a 
progressively increasing rooting disturbance to the remain-
ing forest area and/or increasing damages to the surrounding 
agricultural areas.
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